Manganese superoxide &mutase (Mn SOD), a mitochondrial enzyme, defends against the toxic ef&cts of superoxide radical (Oz. -) in pathological ptocpsses by catalyzing the conversion of Oz. -to hydrogen peroxide (HzOz). The activity of another enzyme, NADH diaphorase, forms the basis for a histochemical method used commonly to demonstrate nerve cell bodies in the enteric plexuses. Vi5 found identical patterns of localization of Mn SOD immunomctivity and NADH diaphorase activity in brain, esophagus, FANG, THOMAS, CONKLIN. OBERLEY. CHRISTENSEN
Introduction
Manganese superoxide dismutase (Mn SOD) acfs as an important primary defense against superoxide radical (OZ.-)-mediated cell damage by converting 0 2 . -to H202. This enzyme is localized to mitochondria (1). and its activity is induced by exposure to oxidative stress. Superoxide radical is produced by activated polymorphonuclear leukocytes, ionizing radiation, or as a result of normal mitochondrial function by the electron transport chain (2). It may also regulate such normal physiological processes as mitosis, cell differentiation, and aging, and it participates in such pathological processes as carcinogenesis, post-ischemic tissue injury, and inflammatory diseases (2-4). Superoxide radical may also disturb gastrointestinal motor functions by combining with the enteric neurotransmitter nitric oxide (NO) to form peroxynitrite (5). Therefore, Mn SOD may be important in both pathological and physiological processes, but its precise function in vivo remains unclear (2.6).
The NADH diaphorase stain is a neural stain that is widely used to identify enteric nerve cells (7-11). This histochemical method is based on the ability of a certain enzyme(s) to utilize NADH as an electron donor to reduce the tetrazolium salt nitroblue tetrazolium (NBT) to form the insoluble blue formazan (12). The characterized. Some believe that one NADH diaphorase may bc lipoamidedehydrogcnvcanduseNADHdiaphorasehi"q to examine the metabolic activity of cells (12J3). In addiuon to the histochemically defiied diaphorases, thew arc other enzymes, such as the cytosolic enzyme DT diaphorase, that utilize either NADH or NADPH to reduce NBT (14-16).
In prcviouS studies uploring the possible roles of@.as a tcgulator of gastrointestinal motor function, m r demonstrated Mn SOD immunoreactivity in nerve cell bodies ofthe myenteric plexus (5).
The cellular distribution of Mn SOD immunomctivity appeared similar to the distribution of NADH diaphorase stlining. These studies were undertaken to determine if Mn SOD immunoreactivity and NADH diaphorase staining CO-localize in the gastrointestinal tract and in other organ systems.
Materials and Methods
To compare the distributions of NADH diaphorase and Mn SOD, we performed immunofluorescent st?ining for Mn SOD and histochemical staining for NADH diaphorase consecutively on the m e sections taken from the opossum esophagus. stomach, colon, brain. liver, and kidney. We perfused oposums inmpvculvy with cold 0.01 M PBS. followed by 4% paraformaldehpdcinphoaphaxc buffcr(PB)atpH7.3.Ticswercdisscctcd, rinsed, and crpoprotmed with 20% sucrose in PB. Cryostat sections 5-30 pm thick were thawed onto coated slides or collected in PBS. Immunohistochemical stains were performed by incubating the tissue xctions for 60 hr with nbbit anti-human kidney Mn SOD antibody (17, 18) diluted 1:300 in 0.01 M PBS containing 0.5% Triton X-100. After the incubation period, the tissue sections were rinsed with PBS and incubated with FIX-conjugated secondary antibody for 2 hr. The tissue sections were examined and photographed using fluorescence microscopy. The tissue sections were then stained for NADH diaphorase activity by incubating them for 5-60 min in a modified staining medium (8.9) that consisted of 0.2 mglml NBT and 1 mglml NADH in 0.1 M PB (pH 7.3) containing 0.5% Triton X-100. Then the sections were coverslipped with aqueous mounting medium. The number of NADH diaphorasestaining cells remained constant during incubation periods of 5-60 min; the optimal staining time varied with the organ being stained. The control stain that used pre-immune scrum instead ofthe primary antibody resulted in negative staining in all examined tissues.
To better demonstrate the granular staining for Mn SOD and to compare the intracellular distribution of Mn SOD and NADH diaphorase, we also uxd the avidin-biotin complex method (ABC kit; Vector Laboratories, Burlingame, CA) to stain the sections by the peroxidase reaction and the NADH diaphorase stain (19) .
To distinguish the NADH diaphorzse histochemistry from DT diaphorase activity, we also stained sections for NADPH diaphorase and compared the distribution of the NADH and NADPH diaphorases. The sections were incubated for 30-60 min in staining medium that consisted of 0.5 mglml NBT and 1 mglml NADPH in 0.1 M PB (pH 7.3) containing 0.5% Triton X-100. If the NADH and NADPH diaphorase histochemical stains result from the activity ofDT diaphorase, the two methods should produce identical staining patterns.
We used non-denaturing gels to compare the activity of purified Mn SOD (1,20) with NADH diaphorase activities of homogenates of scvcral tissues. Opossum brain, liver, kidney, and colon tissues were homogenized separately in ice-cold bu&r (50 mM HEPES, 0.5 mM EDTA, 0.1 mglml of phenylmethylsulfonyl fluoride) at pH 7.5 with a motor-driven Tenbrock homogenizer (coming, NY). The homogenate was cenuifuged at 100,ooO x g for 45 min. The supernatant was collected and assayed by the Coomassie protein assay. Aliquou (30-60 pg) of homogenates and 2 pg of purified human kidney Mn SOD or copperlzinc (CulZn) SOD were loaded onto 12% acrylamide native gels and electrophoresed for 4 hr at a constant current of 40 mA. The lanes containing the homogenates were stained for NADH diaphorase activity and the lanes containing purified Mn SOD were stained for SOD activity. NADH diaphorase activity was evident after incubation of the gel in NADH (1 mglml) with NBT (0.2 mglml) and Triton X-100 (0.5%) for 20-40 min. SOD activity was demonstrated by incubating the gel for 20 min in 2.43 mM NJ3T in distilled water followed by a 15-min incubation in riboflavin stock solution (0.028 mM riboflavin and 280 mM TEMED in IO mM phosphate buffer, pH 7.8). The gel was placed under a bright fluorescent light (nonspecific wavelength) to complete the staining. NADPH diaphorase enzymatic activity was also assayed by incubating non-denaturing gels with NADPH (1 mglml), NBT (0.5 mglml), and 0.5% Triton X-100 for 20-40 min.
Results
In the brain, a subpopulation of nerve cells and glial cells in the cortex, white matter ( Figure IA NADPH diaphorase histochemistry stained fewer and different neurons than did NADH diaphorase histochemistry.
An identical histochemical localization of NADH diaphorase and Mn SOD also occurred in the esophagus and colon, where most myenteric and submucosal plarus ganglion cell bodies ( Figures 1CC  and 1D,D) , interstitial cells of Cajal, and epithelial and gland cells ( Figure 2B .B) were intensely positive for both NADH diaphorase and Mn SOD. NADPH diaphorase, in contrast, was localized only in some myenteric plexus ganglion cells and in some nerve fibers in the circular muscle layer. Muscle cells, interstitial cells of Cajal, and mucosal gland cells did not stain for NADPH diaphorase. The epithelium was only weakly positive for NADPH diaphorase. NADPH diaphorase histochemistry produced a Golgi-like uniform staining of neurons, as reported previously (21) (22) (23) . NADH diaphorase histochemistry stained the nerve cell bodies in a granular pattem. The NADH diaphorase and Mn SOD immunoperoxidase stains co-localized to the same granular structures. NADH diaphorase histochemistry did not stain nerve fibers in the muscle layers. Co-localization of NADH diaphorase and Mn SOD also occurred in the gastric glands, where parietal cells showed heavy granular staining for both enzymes (Figure 2A,A) . An identical histochemical distribution of Mn SOD and NADH diaphorase also occurred in the liver, where hepatocytes, fibroblasts, arterioles, and bile canaliculi showed moderate to intense staining for both ( Figure 2C,C' ). Hepatocytes most conspicuously showed the contrast between the granular pattern of staining by NADH diaphorase histochemistry ( Figure 3A ) and the spongiform pattern of staining with NADPH diaphorase histochemistry in the cytoplasm ( Figure 3B ). Mn SOD immunostaining by the ABC method gave an identical granular pattern of staining as the NADH diaphorase stain.
In the kidney, all of the tubules showed immunoreactivity to Mn SOD, with some variation in intensity of staining ( Figure 2D) . Glomeruli showed only a trace of staining. A similar staining pattem occurred with NADH diaphorase histochemistry ( Figure 2D ). NADPH diaphorase histochemistry selectively stained only a small proportion of the tubules.
Not only did Mn SOD co-localize with diaphorase, but the staining intensities for the two were almost identical in brain, gut, and liver. There was some variation in the kidney. E b l e 1 summarizes the comparison of Mn SOD immunoreactivity and NADH diaphorase activity in the tissues examined.
NADH diaphorase activity was demonstrated in non-denaturing gels containing homogenates of brain, liver, colon, and kidney (Figure 4) . The intensity of the NADH diaphorase-positive band in each homogenate appeared to correspond to the amount of staining seen in these tissues. NADH diaphorase enzymatic activity migrated to the same level of the gel as did complexes of Mn SOD (Figure 4 ). Purified Mn SOD did not show diaphorase activity. In contrast, NADPH diaphorase activity from these homogenates did not migrate in a pattern like that of either NADH diaphorase activity or Mn SOD complexes (data not shown). diaphorase staining in the gastrointestinal tract and in other organ systems.
The distribution of Mn SOD immunoreactivity described in this study agrees with previous reports of its distribution in bnin (24.25). (1,18,20,28) . The identical granular staining produced both by NADH diaphorase histochemistry and by immunohistochemistry for Mn SOD suggests that the two methods identlfy mitochondria. Uluasuuctural co-localization studies could not be pursued because Triton X-100 disrupts the cellular architecture. The spongiform pattern of staining by NADPH diaphorase histochemistry reflects the cytosolic location of that enzyme.
Non-denaturing activity gels demonstrated that NADH diaphorase and complexes of Mn SOD migrate in the same region of the gel. Although these data may be coincidental, taken together with the histological data they suggest a relationship between Mn SOD and the enzyme(s) responsible for the NADH diaphorase activity. Purified Mn SOD did not show diaphorase activity, This argues that Mn SOD is not an NADH-dependent enzyme but does not rule out the possibility that these enzymes are related. During the purification of Mn SOD the enzyme(s) responsible for the NADH diaphorase activity may have been removed or a co-factor may have been lost.
One of the major functions of mitochondria is to oxidize NADH and FADH2 via the mitochondrial electron transport chain. NADH coenzyme Q reductase oxidizes NADH to reduce coenzyme Q (CoQ). The reduced CoQ can produce 02.-by its auto-oxidation. This auto-oxidation can be inhibited by SOD (2.6,29,30) . It is possible that the NADH diaphorase and Mn SOD that co-localized histochemically and migrated in the same region on non-denaturing gels are components of the NADH-coenzyme Q reductase complex. The NADH diaphorase may pass electrons to the oxidized CoQ, and the Mn SOD may inhibit the auto-oxidation of reduced CoQ. This would prevent the generation of toxic 0 2 . -and facilitate electron transport.
In summary, these studies show that NADH diaphorase staining and Mn SOD immunoreactivity co-localize to specific populations of cells in several tissues, and produce a granular pattern of staining in those cells. In addition, complexes of Mn SOD and NADH diaphorase activities co-localize to the same region of the non-denaturing activity gels. The functional significance of these relationships, if any, remains to be elucidated.
